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ABSTRACT
It is widely known that solar Coronal Mass Ejections (CMEs) emanating from the sun’s surface
have the capacity to disturb the earth’s magnetic field. This leads to an event called a Geomagnetic
Disturbance (GMD). The varying magnetic field caused due to this disturbance could result in an
electric field over the earth’s surface. This electric field has the potential to eventually cause quasi-
dc currents called Geomagnetically Induced Currents (GICs) circulating through the grid. When
these quasi-dc currents flow through high-voltage transformers, they produce additional reactive
power losses in them.
Myriad of research efforts have been taken to address the issue of circulating GICs from dif-
ferent perspectives. Improved GIC modelling, electric field estimation, GIC monitoring, stability
analysis, and voltage study to list a few. But, none of the efforts have addressed the GMD problem
from a Power System State Estimator (PSSE) perspective. PSSE is a tool employed by utilities in
Energy Management Systems (EMS) and hence,is an important tool for making decisions pertain-
ing to the grid. The additional reactive losses caused by GICs, being unaccounted for, could result
in large deviations in the system states estimated. Therefore, my research is motivated by the lack
of an accurate PSSE available for the utilities to be used during GMD events. A GIC-inclusive
PSSE could greatly assist the utilities and system operators in taking operational decisions and
hence, help in better management of the grid.
The power grid is modelled as a dc system for GIC analysis and study. This is because GICs
are quasi-dc and hence the system can be modelled as dc. Various studies that need to be carried
out for GMD analysis require computation of transformer neutral GICs as well as other system
parameters. A considerable portion of these studies are usually performed on MATLAB R©. But,
there is no tool or package available on MATLAB that can provide easy and seamless calculations
of these necessary parameters. One direct example, relevant to my thesis, of an application of such
a tool, would be in the modified PSSE itself. The modified PSSE would require the calculation of
transformer neutral GICs. Therefore, another research motivation is the construction of an efficient
ii
tool for the calculation of such system values that could be utilized for various GMD studies.
For my research, the accuracy of the traditional state estimator was checked for GMD events.
This state estimator failed to produce accurate results during the GMD events and accumulated
noticeable results. To solve this problem, the GIC-Inclusive state estimator was constructed using
the GMD tool, MATGMD. This modified state estimator was successful in obtaining accurate
results for the EPRI 20 bus case and the UIUC bus case with the error in the voltage magnitude
states in the range of 10−5 and for the neutral current states in the range of 10−4. The results for
the EPRI 20 bus case using the GIC-Inclusive state estimator have been depicted and comparisons
with the traditional state estimator have been made. The GIC-Inclusive state estimator, though
computationally heavy, is very effective and the advantages of its applications outweighs the ease
of using the traditional state estimator during GMD events.
iii
ACKNOWLEDGMENTS
I would like to take this opportunity to thank everyone who I collaborated with and who men-
tored me throughout my Master’s studies. Firstly, I would like to thank my advisor, Dr. Davis,
for her continual support and guidance throughout my research. I learned a lot from her and she
inspires me not only because of her academic successes, but also because of her enthusiasm and
dedication towards her goals. Secondly, I want to thank the committee members for their interest
and support for my work. Additionally, I would like to thank Cecilia Klauber for her guidance,
patience and encouragement for my work as well as for the direct involvement in the work done in
Chapters 3 and 5.
There have been a few more people, who supported and guided me whenever I needed help. I
would like to think Komal Shetye, Hao Huang and the GMD project team at the ECEN department
at Texas A&M. I would also like to acknowledge my funding sources, the Texas A&M Engineering
Experiment Station (TEES) and the National Science Foundation (NSF).
I would like to thank my close friends - Sai Krishna, Meghana and Santosh, for helping me
stay focused and for everything I have learned from them. Lastly, I want to thank my family, for
their unwavering love, support and sacrifice. They inspired me to achieve what I want. I am and
will be forever grateful to them for everything they have done.
iv
CONTRIBUTORS AND FUNDING SOURCES
Contributors
This work was supported by a thesis committee consisting of Professor Davis, Professor Over-
bye and Professor Datta of the Department of Electrical and Computer Engineering and Professor
Zoghi of the Department of Engineering Technology and Industrial Distribution.
The work done in Chapter 3 was a collaborative effort with graduate student Cecilia Klauber.
The data used and/or analysed in Chapters 3, 4 and 5 was obtained from PowerWorld R©. The
development of the code pertaining to the research used MATPOWER as its base.
This thesis is based on two papers I have written, with technical guidance from my fellow
co-authors, during my Master’s program:
1. C. Klauber, G. P. Juvekar, K. Davis, T. Overbye, and K. Shetye, "The Potential for a GIC-
Inclusive State Estimator," in North American Power Symposium (NAPS), 2018. IEEE,
2018, pp. 1-6.
2. G. P. Juvekar and K. Davis, "MATGMD: A tool for Enabling GMD Studies in MATLAB,"
in Texas Power and Energy Conference (TPEC), 2019. IEEE, 2019, pp. 1-6.
Funding Sources
Funding for my research was provided by the National Science Foundation (NSF) under the




ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii
ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
CONTRIBUTORS AND FUNDING SOURCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
TABLE OF CONTENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi
LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
1. INTRODUCTION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
2 Objective. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2. LITERATURE REVIEW .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2 Previous Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1 Geomagnetically Induced Currents (GICs) Studies: . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.1 Varying Magnetic Field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.2 Discussion on the Induced Electric Field . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1.3 GIC Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.1.4 Reactive Power Losses in Transformers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Traditional Power System State Estimation (PSSE) Studies . . . . . . . . . . . . . . . . . . . 10
3. THE POTENTIAL TO EMPLOY A GIC-INCLUSIVE
STATE ESTIMATOR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2 Testing the case and Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.1 UIUC 150 bus case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3 Recommendations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.1 Network Model Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.2 State Estimation Formulation Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.3 Increased Measurement Availability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.3.1 System Observability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3.2 Measurement Redundancy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3.3 Unknown Measurement Error Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
vi
4. MATGMD .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2 System Modeling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.1 Input file format . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.1.1 Non-Uniform Electric Field Input . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2 G matrix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.3 Injection currents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.4 DC Node Voltages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.5 Substation and Transformer GICs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.6 Effective GICs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.7 Test case file . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.1 EPRI 20 bus. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2 UIUC 150 bus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4 Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
5. GIC-INCLUSIVE POWER SYSTEM STATE ESTIMATOR FOR GMD EVENTS . . . . . . . . 35
1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2 Modelling Scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.1 Shortcomings of Plan I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.2 Shortcomings of Plan II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.3 Plan III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.4 Flowchart for Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.5 Function Files Involved and their Application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3 Test Case Description and Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.1 Uniform electric field with magnitude 7 V/km and direction 0 degrees . . . . . . . 46
3.2 Non-uniform electric field: Case 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.3 Non-uniform electric field: Case 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.4 Uniform electric field of increasing magnitude (3V/km to 9V/km) at a fixed
direction (0 degrees) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.5 Uniform electric field of fixed magnitude (3V/km) and varying direction
from 0 - 360 degrees . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
6. CONCLUSIONS AND PROPOSED FUTURE WORK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
1 MATGMD .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
2 GIC-Inclusive AC State Estimator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52




1.1 Storm interaction with Earth and transmission lines. [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 The effects of GICs on the grid. [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.1 400 years of sunspot observations. [2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 The 1-D layered earth conductivity model. [3] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 Locations in the US where magnetotelluric measurements are obtained [4] . . . . . . . . . . . 8
2.4 Half cycle saturation of transformer core due to GICs [5]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.1 State Estimation visualised.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.2 One line diagram for the UIUC 150 bus system (synthetic). [6] . . . . . . . . . . . . . . . . . . . . . . . . 14
3.3 Increasing average absolute voltage error with increasing storm magnitude. Reprinted
from - [7] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.4 Increasing maximum absolute voltage error with increasing storm magnitude. Reprinted
from - [7] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.5 By varying the direction of the storm from 0 to 360◦, there is a periodic pattern
observed in the the average absolute voltage error. Reprinted from - [7] . . . . . . . . . . . . . . 16
3.6 The relationship between the average absolute voltage error and the percentage of
power flow measurements. Reprinted from - [7] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.7 The relationship between the maximum absolute voltage error and the percentage
of power flow measurements. Reprinted from - [7] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.1 EPRI 20 - Case 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.2 EPRI 20 - Case 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.3 One-line diagram of the EPRI 20-bus system [8] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.4 Uniform electric field : 3V/km at 20◦ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.5 Uniform electric field : 4V/km at 220◦ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
viii
4.6 Non-uniform electric field for EPRI 20: Case 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.7 Non-uniform electric field for EPRI 20: Case 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.8 UIUC 150 - Case 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.9 UIUC 150 - Case 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.10 Uniform electric field : 2.5V/km at 0◦ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.11 Uniform electric field : 4V/km at 20◦ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.12 Non-uniform electric field for UIUC 150: Case 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.13 Non-uniform electric field for UIUC 150: Case 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
5.1 Formulation algorithm flowchart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.2 Neutral GIC measurements taken only at one transformer if many transformers
with the same parameters are in parallel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.3 Neutral GIC measurements taken taken at random with the percentage of measure-
ments kept at 50% of the total . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.4 Non-uniform electric field : Case 1 - Neutral GIC measurements at three sets of
parallel transformers are not given as measurement inputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.5 Non-uniform electric field : Case 1 - Neutral GIC measurements taken only at one
transformer if many transformers with the same parameters are in parallel. . . . . . . . . . . . 47
5.6 Non-uniform electric field : Case 2 - All neural GIC measurements . . . . . . . . . . . . . . . . . . . 48
5.7 Non-uniform electric field : Case 2 - Neutral GIC measurements taken taken at
random with the percentage of measurements kept at 50% of the total . . . . . . . . . . . . . . . . 48
5.8 Decimal logarithmic absolute error for the voltage magnitude and neutral GIC
states along with the voltage magnitude state error from the traditional state es-
timator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.9 Decimal logarithmic absolute error for the voltage magnitude and neutral GIC
states with lesser neutral GIC measurements along with the voltage magnitude state
error from the traditional state estimator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.10 Decimal logarithmic absolute error for the voltage magnitude and neutral GIC
states along with the voltage magnitude state error from the traditional state es-
timator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
ix
5.11 Decimal logarithmic absolute error for the voltage magnitude and neutral GIC
states with lesser neutral GIC measurements along with the voltage magnitude state




The power grid is a critical infrastructure necessary for the unperturbed day-to-day proceedings
in the modern society. The power grid today is highly resilient and for the most part manages to
reliably and securely deliver power to its customers. But the grid faces challenges that result in
disturbances which can be localized or regional and can occur due to both man-made and natural
forces. One such natural force that could catastrophically impact a large area is Geomagnetic
Disturbance (GMD) which is classified under High Impact Low Frequency (HILF) events. Charged
particles from the Coronal Mass Ejections (CMEs) emanating from the sun’s surface reach the earth
and interact with its magnetosphere-ionosphere. This interaction produces ionospheric currents
called electrojets which disturb earth’s magnetic field causing a GMD [9, 10]. This can result in
rapid change in earth’s magnetic field which follows Faraday’s Law of electromagnetic induction
and causes an electric field over earth’s surface. This induces a voltage potential hence resulting in
the flow of quasi-dc Geomagnetically Induced Currents (GICs).
Figure 1.1: Storm interaction with Earth and transmission lines. [1]
As indicated in Fig. 1.1 above, GMD can GICs. This can result in:
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• transformer damage due to reactive power losses - caused by half cycle saturation in the
transformers due to the presence of quasi-dc GICs,
• loss of reactive power support due to harmonics - could perturb the voltage profile in a
localized part of the region or even the entire region that could lead to voltage collapse.
This directly impacts the grid since, firstly, high voltage transformers are crucial for wide-area
transmission and secondly, voltage levels need to be within limits for reliable operation. One of
the most notable events caused due to GMD occurred in the March of 1989. A blackout lasting
nine hours throughout the Hydro-Quebec system was caused because of the cascading transformer
failures and a consequent voltage collapse [11]. A large storm hence has the potential to cause
catastrophic damage to the grid. The hazard of GMD can leave people without power for long
periods of time and can negatively impact important aspects like emergency services and public
safety.
Figure 1.2: The effects of GICs on the grid. [1]
The flowchart in fig.1.2 describes comprehensively, the impact of GICs of the system. The
primary effect is the transformer half cycle saturation that could result is three conditions: trans-
former heating, harmonics and reactive power losses. Harmonics can cause the protection and
control devices to mis-operate that could lead to generating tripping and loss of reactive power
support. This puts the system in a ’catch22’ situation where, the additional reactive power losses
in the transformer cause a dip in the nearby bus voltages and are in dire need of reactive power
supply. But, the system, with circulating harmonics fail to supply this reactive power due to the
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tripping of its reactive power support. Thus, the problem of GMD is compound and focusing on
its impact on the Bulk Power System (BPS) is imperative.
This is a multidisciplinary problem beginning at the space weather sciences, and finally reach-
ing the power grid; therefore, involving power system studies. The need for a reliably operating
grid is of utmost importance and the industry needs to be equipped to combat the impact of GMD
on the grid. This makes reliable monitoring, real-time GMD event analysis and adequate response
action plans for the industry crucial. Finding solutions that address these critical aspects is the mo-
tivation behind the research carried out from the power system perspective for GMD. Maintaining
reliability during GMD, mitigating the effects of GMD and creating awareness prior to an event by
estimating its effects are few ways to go about it.
2 Objective
The impacts of GICs have been long known, but as recent as 2014, NERC mandated assess-
ments and plans for the industry to address these impacts [12, 13]. Multitude of research efforts
have been taken in the direction of improved GIC modeling, mitigation techniques, reliability as-
sessment, voltage analysis and GIC monitoring to list a few [14–21]. A promising, but not so
deeply explored perspective to look at the GMD challenge is from the Power System State Esti-
mation (PSSE) aspect. The overall goal of PSSE is to come up with a power flow model for the
present "state" of the power system based on actual measurements1. In basic terms, the reactive
power loss in the transformers due to GICs during a GMD event needs to be accounted for and a
GIC-inclusive or modified PSSE aims to do just that and serve its usual purpose for the industry.
This will help the industry incredibly in critical decision making before or during the occurrence
of a GMD event and can potentially avoid a catastrophic event from occurring. For a continual
operation of the grid even during such events, a modified state estimator can play an essential part
in helping the operators take preventive or mitigation action and save the grid from mis-operation.
For my research, I decided move in the direction of the above-mentioned perspective of an ac
GIC-inclusive state estimator for the GMD events. An actual formulation of the estimator would
1ECEN615 Fall 2018-Lecture 18 by Prof. Thomas Overbye. [22]
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require the calculation of certain dc parameters pertaining to GMD events like the GICs. A tool for
calculating these parameters is necessary and hence, one of the intermediary goal of my research
was to also develop a tool on MATLAB that not only helps in calculating these parameters, but
also, could be used for other GMD related studies that focus on reliability, mitigation, modeling,
etc. After the tool was developed, it was used in the formulation of the modified state estimator in
MATLAB for GMD. The ultimate goal here is to construct an sc estimator that can be used with a




The first stage of this research process was to review all the existing work on GMD studies
from space weather to power systems. This is done in an effort to collect and assimilate existing
knowledge, technical know-how and guide the research in a direction leading to beneficial out-
comes that aid industry in efficiently managing GMD events on a real-time basis. An in-depth
knowledge of the problems helped indicate the immediate challenges that needed to be addressed.
The GMD problem is currently at the last phase where the focus is mainly on analyzing, es-
timating and modeling the impact on the power grid. This is done using studies, results and data
available from the other disciplines that have extensively worked on GMD. This includes disci-
plines like space weather and geosciences. Hence, the efforts were directed towards tying all the
information together with relevant studies and supporting results.
2 Previous Work
2.1 Geomagnetically Induced Currents (GICs) Studies:
Though the GMD event of 1989 at Quebec, Canada was not the most intense event that occurred
in history [23], its occurrence had the most catastrophic impact on the grid which consequently had
further undesirable effects [24]. GMD, from then on, became a force to reckon with making it a
very important topic to be studied in the realm of power systems.
2.1.1 Varying Magnetic Field
As mentioned before, occasionally solar flares originating from the sun’s surface reach Earth
travelling at high speeds [10] which upset Earth’s magnetic balance, causing intense magnetic field
variations. During normal conditions, the Earth’s magnetic field is usually between 25000 - 60000
nT [25]. The strength of GMDs depends on a variety of factors such as the 11-year sunspot cycle,
episodic coronal mass ejection patterns, and seasonal magnetic field coupling that are capable of
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combining constructively [26]. The magnitude of variation in the magnetic field at a location can
be indicated using the Kp-index that could range from 1-9 depending on the nT variation in the
horizontal direction over a period of 3 hours [23]. K and Ap indices are other two parameters that
are used for magnetic field variation intensity 1.
Figure 2.1: 400 years of sunspot observations. [2]
2.1.2 Discussion on the Induced Electric Field
The variation in the Earth’s magnetic field causes an electric field on Earth’s surface according
Maxwell-Faraday’s law of electromagnetic induction. This electric field depends on the deep earth
conductivity [28,29]. There are two models available to represent the conductivity - the commonly
used 1-D model and the more complex 3-D model.
The electric fields have the potential to penetrate deep into the earth, according to the 1-D
model assumptions, and depend on the skin depth that ranges from a few kilometers to 100’s of
km [30]. Variation in the earth’s resistivity needs to be known for the 1-D model. The Fig. 2.2
shows the 1-D layered earth model.
The earth is modelled as a series of conductivity layers of varying thickness. The impedance,
Z, at a particular frequency is calculated using a recursive approach, starting at the bottom, with
each layer having a propagation constant [1]. Using an estimated magnetic field intensity and this
earth surface impedance, the electric field can be calculated as follows,
1Station K and A indices [27]
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Figure 2.2: The 1-D layered earth conductivity model. [3]
Ex(ω) = Zrg(ω)Hy(ω) (2.1)
Ey(ω) = −Zrg(ω)Hx(ω) (2.2)
where, the magnetic field intensity is Hx(ω) (A/m) in the northern direction, the magnetic field
intensity is Hy(ω) in the east direction, the electric field is Ex(ω) (V/m) in the north direction, the
electric field Ey(ω) in the east direction, and the earth surface impedance is Zrg(ω) (Ω) of a region
"rg" at a frequency ω.
There is a library consisting magnetotelluric (MT) measurements that have been recorded over
a large area of the US [31].The 3-D conductivity model is based on it. Over a period of time,
magnetic and electric fields were recorded at each location given in Fig. 2.3. Transfer functions
(EMTFs) were obtained by transforming these measurements in the frequency domain. EMTF are
publicly available through IRIS [32,33]. Electric fields at the earth’s surface can be extracted from
the magnetic field using these EMTFs.










where ξ is the surface impedance and B is the magnetic field.
The discussion on the electric field is of importance because it is the cause for circulating
GICs in the system that consequently cause problems. Inaccurate conductivity information can
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Figure 2.3: Locations in the US where magnetotelluric measurements are obtained [4]
contribute to inaccurate electric field predictions and thus inaccurate GIC predictions [34]. The
estimated electric field which is calculated from the magnetic field values measured should ap-
proximate the values of GICs well. This is an important research topic which is being currently
explored. There have been efforts to estimate the electric field from the GICs measured at trans-
formers using different estimators. The effectiveness and reliability have also been studied for
these estimators [14,15]. The estimated electric field would play an important role in the modified
PSSE research since its accuracy along with the granularity/resolution with which it is known di-
rectly impacts the GIC calculations. Also, another important discussion would be the relationship
between the accuracy of calculated GIC and the granularity/resolution of electric field information
available.
2.1.3 GIC Modeling
The magnitude of GICs circulating depend on the magnitude and direction of the electric field
along with the topology and dc parameters of the system [35–37]. Since, the geoelectric field
can induce quasi-dc voltages in the transmission lines, the GICs are modeled via a dc network
analysis [38] given by:
I = GV (2.4)
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where G is a conductance matrix (in Siemens) which includes values for substation nodes as well.
The vector V consists the bus dc voltages along with the substation dc voltages. I is the injection
current at every node - bus and substation, which is linearly dependent to the electric field E as
well as the length and direction of the transmission lines. The GIC flowing from a node n to a node
m in the network is given by
Inm = gnm(Vn − Vm) (2.5)
where gmn is the connecting line/transformer conductance.
Let It be the effective per phase current for the transformer t. For delta-wye transformers,
It is the current only flowing through high-side winding. For autotransformers and wye-wye
transformers, It is a combination of the currents flowing through both high-side and low-side
coils. According to [39],




where IH,t is the per phase GIC flowing through the high side transformer coil, IL,t is the per phase
GIC flowing through the low side transformer coil, and at indicates the transformer turns ratio.
2.1.4 Reactive Power Losses in Transformers
As seen previously, GICs flowing through the system transformers cause half cycle saturation
in these transformer cores. The dc GICs superimpose themselves on the normal ac current flowing
through the transformer. This superimposition leads to core saturation during one-half on the cycle
and results in high magnetizing currents. Due to these higher magnetising currents, the effective
reactive power that is absorbed by the transformer increases. Hence, GICs flowing in the system
result in additional reactive power losses which are significant for high voltage, high power trans-
formers.
These losses depend linearly on the effective GICs of the transformer. The reactive power loss
in a transformer can be computed using:
Qloss,t = ktVpu,tIt (2.7)
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Figure 2.4: Half cycle saturation of transformer core due to GICs [5].
where Vpu,t is the ac voltage in per unit at the high side bus of the transformer t, and kt (Mvars/amp)
is a scalar dependent on the transformer [40]. Though the GIC is a dc value, the reactive power
loss is an ac phenomenon. The system equations need to account for this reactive power loss and
hence, modifications in the system model are necessary for ac analysis.
2.2 Traditional Power System State Estimation (PSSE) Studies
Real-time monitoring of the system in question is possible, using measurements obtained from
Supervisory Control and Data Acquisition (SCADA) or increasingly Phasor Measurement Units
(PMU) data, because of state estimation. Security and control of the system is crucial and the
knowledge about the states provides situational awareness for enabling management of the system
[41, 42]. For an ac power system, PSSE is formulated as an over-determined system. It consists
of nonlinear equations which can be solved using the Weighted Least Square (WLS) method [42].
Let x comprise of the states of the system, the length of this vector is n and z comprises of the
measurements obtained from measurement devices, the length of this vector is m, The model
relating the states to the measurement is given by:
zi = hi(x) + ei (2.8)
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which is non-linear. From the above equation, hi(·) can be thought of as the non-linear function
that relates the states x to each measurement zi. The measurement error, ei is assumed to have a
zero mean and variance σ2i . For a power system state estimator, the states, x, are mostly bus voltage
angles and magnitudes in that order. The measurements, z, comprise of real and reactive power
flows and injections, the angle differences, voltage magnitudes, and current flows and injections,
turns ratios and phase shift angles (for transformers) if available. The optimization problem of
weighted least square estimation has a quadratic objective that needs to be minimized and the









By formulating it as an unconstrained optimization problem, iterative methods are used. Here, ri
is zi − hi(x) which is the residual. The Jacobian matrix H, the measurement variance matrix R,
and the residual r are related using the first-order optimality condition. Using the Taylor series
expansion, but ignoring smaller, second-order terms, we get:
G(xk)∆xk = HT (xk)R−1r(x)
xk+1 = xk + ∆xk
Here, the Gauss Newton method is used to compute the states. The gain matrix is given by:
G = HTR−1H.
Ill-conditioning and convergence are issues that need to be dealt with which occur because of
either varying or inaccurate weighting factors. Errors due to topology and parameter can also arise
if care is not taken while modeling the system. There have been efforts to improve the numerical
robustness of practical solutions [43].
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3. THE POTENTIAL TO EMPLOY A GIC-INCLUSIVE
STATE ESTIMATOR∗
1 Motivation
A highly deployed tool for grid monitoring in real-time and consequent analysis is Power Sys-
tem State Estimation. With information about the "state" of the system through voltage data, both
angle and magnitude, the operators can make decisions pertaining to grid control and security.
The traditional states obtained are mostly ac per unit (pu) voltage magnitude and angle at all the
buses in the system under study. The utilities or regulating authorities use the state estimator at
short intervals (1 - 5 mins) [44]. The solution for the states extracted from the estimator is used
as a starting point for many other subsequent applications. For example, the Energy Management
System (EMS) at ERCOT uses state estimation as a precursor to the the Real Time Contingency
Analysis (RTCA), Voltage Support Service (VSS) and other complex network tools [45]. As these
crucial applications evaluate the security and reliability of the system, the accuracy of the state
estimator run is of utmost importance.
(a) State Estimation flow chart
(b) ERCOT EMS example 1
Figure 3.1: State Estimation visualised.
∗Reprinted with permission from IEEE from - C. Klauber, G. P. Juvekar, K. Davis, T. Overbye, and K. Shetye,
"The Potential for a GIC-Inclusive State Estimator," in North American Power Symposium (NAPS), 2018. IEEE,2018,
pp. 1-6
1ECEN615 Fall 2018-Lecture 19 by Prof. Thomas Overbye. [46]
12
From the last chapter, it is apparent that GMD events have the potential to cause an increase in
the reactive power losses in the transformers. The increased absorption can lead to dipped voltage
at some of the buses around the transformers affected gravely. The harmonics in the system that
trip the reactive power support, leading to an unattended low voltage event. An operator looking
at the state estimator results will receive imprecise information about this voltage. These errors in
modelling maybe attributed to topology errors or even bad data skew. The operator may not realise
the preventive actions that are needed to be to taken to assuage the situation from worsening. The
situation, if not heeded, can lead to voltage instability issues eventually causing a total voltage
collapse.
Be it a local event of loss of power or a total system collapse, it is not desired. The system would
have to be energised from a possible blackout and procedures required to blackstart the system
would have to be followed. This is a time-consuming as well as an arduous process requiring steps
to be followed carefully. Not to mention the problems faced by the consumers due to loss of power.
Hence, a GMD event occurrence requires precise monitoring that can be facilitated by the use of a
modified state estimator that is GIC-inclusive.
This section of my thesis is based on a paper I worked on [7]. As mentioned earlier, the
state estimation approach has not been worked on before to the best of my knowledge. With the
UIUC 150 bus case [6,47], the performance of the traditional state estimator was analyzed and the
motivation to change the model by incorporating additional reactive power is discussed with a few
model recommendations.
2 Testing the case and Results
2.1 UIUC 150 bus case
Depicted in fig. 3.2 below is the 500/230 kV, UIUC 150 bus synthetic system [6] which is the
test case for the state estimation study here. This system is tested for various GMD scenarios of
varying magnitudes and varying directions of electric field using the PowerWorld simulator. For
the different electric field scenarios, the GIC flow is solved using the system dc parameters and the
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Figure 3.2: One line diagram for the UIUC 150 bus system (synthetic). [6]
reactive power losses are calculated for the saturated transformers in the system. On the ac side, the
power flow is solved with these reactive power losses are accounted. The perfect measurements
are obtained from the simulator to be used for the state estimator. To generate noisy measure-
ments, random Gaussian noise is added to these perfect measurements exported using MATLAB.
The noise level for voltage magnitude measurements used is σi = 0.01 and for power flow and
injection measurements is σi = 0.02.
The measurements available to the state estimator as the input set are randomized. This is be-
cause, in reality, the number of buses and lines monitored are limited. What this means is, we do
not have information for each bus or line. The algorithm was constructed to include results only
for the cases which were observable - measurements that included well distributed measurements
with adequate coverage. For the power flow measurements, the percentage of maximum measure-
ments given as input range from 55%-80%. For the power injection measurements, the percentage
of maximum measurements given as input range from 65%-100%. For the voltage magnitude
measurements, the percentage of maximum measurements given as input are up to 50%.
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2.2 Results
The surface electric field induced by varying magnetic field could have varying directions as
well as magnitudes. For the description and illustration of the inadequacy in the estimation of the
system states during a GMD event, the use of uniform electric field scenarios is sufficient.
For the first study, the direction of the electric field is kept fixed at 50◦ and the magnitude of
the electric field is increased from 1 V/km to 9 V/km in steps of 1 V/km. The fig. 3.3 illustrates
the relationship between the average absolute error and storm magnitude.
Figure 3.3: Increasing average absolute voltage error with increasing storm magnitude. Reprinted
from - [7]
Figure 3.4: Increasing maximum absolute voltage error with increasing storm magnitude.
Reprinted from - [7]
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Here, the error is averaged over 100 simulations for all the system states. It is the difference
between the estimate and the actual voltage magnitude. The fig. 3.4 illustrates the relationship
between the maximum absolute error and storm magnitude. The increase in the error can be
ascribed to the increase in the reactive power losses as the magnitude of storm increases.
For the second study, the magnitude of the electric field is kept fixed at 4 V/km and the direction
(angle) of the electric field is increased from 0 to 360◦ in steps of 20◦. There is a cyclical pattern
or trend observed in the error as shown in fig. 3.5. This can be attributed to the fact that GICs
of higher magnitude will be induced on lines which are parallel to the direction of storm causing
increased reactive power losses as they flow to the ground through the transformers in the system.
Figure 3.5: By varying the direction of the storm from 0 to 360◦, there is a periodic pattern observed
in the the average absolute voltage error. Reprinted from - [7]
For the last study, the storm direction and magnitude are kept fixed at 50◦ and 4 V/km respec-
tively. The total number of measurements were kept constant and the percentage of power flow
and power injection measurements were varied. From fig. 3.6, it is apparent that as the percentage
of measurements that belong to power flow increase (hence, the measurements that are power in-
jections decrease), the average absolute error in the voltage magnitude state decreases. The reason
can be explained as follows: A measurement of the reactive power injection at a bus is actually a
summation of all reactive power flows at that bus. This includes the transformer branches which
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experience additional reactive power losses during a GMD event. These injections are not mod-
eled correctly in the state estimator and hence, increasing the number of injections increases the
possibility of including these incorrectly modeled bus injections. Therefore, as compared to an
increase in the flow measurements, the error will be higher for increase in injection measurements.
On the other hand, one or more noisy power flow measurements has the capability to increase the
error in the voltage magnitude state as seen from fig. 3.7. This occurs because of a strong coupling
between voltage magnitude state and the reactive power flow measurement.
Figure 3.6: The relationship between the average absolute voltage error and the percentage of
power flow measurements. Reprinted from - [7]
Figure 3.7: The relationship between the maximum absolute voltage error and the percentage of
power flow measurements. Reprinted from - [7]
17
3 Recommendations
From the previous section, it is obvious that the state estimator model that does not account for
the effects of GICs (reactive power losses in the transformers) causes error in the state estimates.
These errors can further disseminate through applications that use the state estimates as the starting
point. The inclusion of the GIC effects in the model for state estimation is not an task. Limitations
in the modeling as well as metrology could impede the functional implementation and progress
of such programs. The probable issues are described in the this section and recommendations are
proposed to facilitate the practical integration of the effects of GICs in the GIC-inclusive state
estimator model.
3.1 Network Model Considerations
For the GIC analysis, it is important to have information about the dc system parameters which
are generally not required for the conventional power flow analysis. For example, transformer
parameters like the dc winding resistances (required for the building of the G matrix needed to
find V in Eq. 2.4) and the scalar parameter, k. According to 2.7, the effective GIC reactive losses
are related to effective GIC current for a transformer through the k parameter value. For precise
GIC analysis computations and subsequent state estimation results, the accurate values of these
system dc parameters is necessary.
Another important parameter required, that needs to be taken a look at, is the substation ground-
ing resistance. Even though the value of this parameter can be measured on field, it is highly de-
pendent on the conditions of the soil. It is also controlled by the atmospheric conditions that vary -
temperature being one. For analysis, there are often attempts to either estimate this parameter value
or an outdated measurement is used by the operators. The substation grounding resistance can be
estimated using various techniques albeit the requirement of adequate placement of GIC measure-
ments [48]. GIC reactive power losses can be incorporated, using these relationships describing
that estimate of the parameter values, into the standard ac state estimator. This state estimator de-
veloped would be time-varying which can be utilized for the validation of the substation grounding
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resistance values. By principle, as many GIC measurements would be needed as the resistances to
be estimated.
3.2 State Estimation Formulation Considerations
The squared form of the gain matrix, HTH, can lead to the ill-conditioning issues in the tradi-
tional state estimator. There have been various efforts aiming towards improving the convergence
characteristics. An obvious way to improve state estimation during GMD events is to account for
the GIC effects by including the reactive power losses in the model. Including additional states like
GIC neutral currents can help integrating these GIC effects into the estimator model. Traditional
state estimation state variables like the voltage magnitude along with the ac system parameters like
admittance can help compute all the flows, injections and other system values. Similarly, during
GMD events, inclusion of GIC neutral currents, electric field data and/or induced dc node voltages
could help get the overall picture of the system. With additional states and their corresponding
relationships with the measurements, improving the conditioning of the gain matrix is imperative.
Existing techniques used to improve the conditioning number may be relevant but the new states
can spring up complicated dependencies and computational efficiency could be at stake.
3.3 Increased Measurement Availability
Getting appropriate measurements for the GIC-inclusive state estimator is a major obstacle.
The efforts taken to increase the information availability of the magnetic field have been very
fruitful but there are still areas that are not metered adequately in the United States. Another
hurdle faced is related to the data regarding conductivity which would also benefit from additional
metering. Conductivity information is required to extract the electric field data that is transformed
from the magnetic field. There are GIC monitoring devices installed at only a few places in the
grid. Also, this data can be highly noisy and hence, not usable all the time. Installation and
maintenance of these GIC-measuring devices is expensive but the advantages these devices could
provide are innumerable. An accurate (GIC-effects inclusive) system model for state estimation
in conjunction with the appropriate measurements facilitated by these monitoring devices could
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improve the estimation of the new system states by an extensive amount. This will consequently
benefit applications that use (or will use) these states as a starting point. The significant assistance
of tools like the GIC-inclusive state estimator should motivate the utilities and operators to improve
system infrastructure by investing in appropriate and necessary meters. Specific concerns regarding
measurement availability have been outlined in the sections below:
3.3.1 System Observability
For a GIC-inclusive state estimator, where variables such as neutral GIC and/or electric field
can get appended to the state vector, the problem of observability can intensify. The inclusion
of these states makes it crucial to have sufficient, well-spread measurements across the system
under study making state estimation possible. Lack of sufficient and scattered measurements can
make the system unobservable. To counter this issue, it is vital to determine the dependencies
and relationships that govern observability to ascertain the critical measurements. Typically, the
observability analysis utilizes algorithms which are numerical and topological [49, 50]. With the
modified state estimator, newer algorithms need to be developed that consider the GIC-related
values.
3.3.2 Measurement Redundancy
The ratio of the number of measurements to the number of states is the measurement redun-
dancy. Often, the measurement redundancy is between 1.7-2.2 for practical transmission sys-
tems [42] and a lower value for distribution systems. To filter out the noise in the state estimation,
higher redundancy is preferred. Diagnosing bad data or topology errors requires additional tech-
niques to be put in place. For the enhancement of measurement redundancy and observability,
construction of meter placement algorithms is required.
3.3.3 Unknown Measurement Error Parameters
For a WLS method formulation, the variance σ2i of the measurement error ei is related to the
weightage of that measurement which is a crucial element. For the general power flow, power
injection, and voltage magnitude measurements, there is an ballpark understanding of what these
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variance values are but for the GIC-related parameters, there is no such standard. If electric field
(a logical input for the dc modified state estimator) is a measurement input the state estimator,
a significant error would be encountered. This is because the “measurement" would actually be
the value extracted by transforming a measurement acquired from a magnetometer (with its own
error) via conductivity profiles. This leads to an error that is a result of cascading on various errors
throughout the process. Availability of real data as measurements for studies in the future would




For my master’s research on the ac GIC-inclusive state estimator, I decided to append per-unit
(pu) neutral GICs to both, the state vector as well as the measurement vector. The assumption is that
the electric field information received is fairly accurate - it could be estimated data extracted from
magnetic field data and conductivity profiles or it could be real data. Hence, electric field is not a
state or a measurement input for the state estimator. The source of the electric field information is
not relevant. The error variance of the electric field data is also not considered. This is because,
the electric field data is only used as a starting point.
Similar to the traditional states like voltage magnitude and angle of the traditional state esti-
mator, the additional state of the GIC-inclusive state estimator needs an initial value. For voltage
magnitude and angle, the initial values are 1.0 pu and 0◦ which are suitable starting points for these
bus parameters. The pu neutral GIC state also requires an apt starting point through appropriate
initial values. These initial values can be obtained by using the electric field data that is assumed
to be fairly accurate through a series of equations that relate the electric field to the pu neutral
GICs using information like system topology and parameters. The details of the equations will be
described in the next section.
Another important computation required for the modified state estimator is the pu effective
GICs for calculating the reactive power losses in the transformers during a GMD event. During
every iteration of the state estimation, the new, updated pu neutral GIC is obtained which then can
be used to compute the effective GIC for further calculations (the reactive power flow and injection
estimates as well as for the terms in the Jacobian, H) required during each iteration.
The state estimation studies were being carried out on MATLAB but there was no tool or
package available on this platform for computations related to dc GIC modeling that would help
∗Reprinted with permission from IEEE from - G. P. Juvekar and K. Davis, "MATGMD: A tool for Enabling GMD
Studies in MATLAB,"in Texas Power and Energy Conference (TPEC), 2019. IEEE, 2019, pp. 1-6
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in the extraction the neutral GICs and/or effective GICs if electric field data was fed along with
the system topology and essential system dc parameters. Hence, a tool/package that enabled these
functionalities had to be developed not only for addressing the requirements for the state estimation
problem, but also, for various other studies like mitigation techniques and reliability intended to
be performed on MATLAB.
2 System Modeling
The system modeling for GMD events causing GICs to flow in the system has been detailed
in this section along with the explanation of the development of the package in MATLAB. The
tool uses the electric field data as one of the input parameters along with the system topology and
dc system parameters. It is equipped with the ability to analyse both uniform and non-uniform
electric field. The capability to analyse non-uniform electric field facilitates extensive studies
on real-life GMD scenarios that result in non-uniform electric field over the network region. A
uniform electric field is represented as E = [EN , EE]T , where the north and east directions are
denoted by the superscriptsN andE, respectively. The non-uniform electric field functionality can
be utilized if the electric field data is obtained in a manner similar to b3d files with the longitude
and latitude details - the input file for the non-uniform case will be described soon.
2.1 Input file format
Data files in MATLAB are either M-files or MAT-files that define and return output matrices.
Any standard text editor can be used to edit the M-file whose format is plain text. For MATGMD-
compatible input files, the mandatory output fields for the data files should be
• Xmr: transformer dc information,
• Bus_dc: bus dc information,
• Substn: substation dc information and,
• Lines: transmission line dc information,
where all the fields are matrices.
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Optionally, Ckt_n: circuit numbers for combined transformer and transmission line branches, can
be an output field depending on its necessity. The modified state estimation problem requires
circuit numbers. For a uniform electric field analysis, E: directional magnitudes of the uniform
electric field in the north and east direction, is also an output field. For individual matrices, every
row describes or details a single transformer branch, bus, substation or line. The number of rows
in Xmr, Bus_dc, Substn and Lines are given by n_x, n_b, n_s and n_l, respectively. The function
file, ext2int_dc.m can be used to renumber the buses in a consecutive manner if the Bus_dc matrix
indicates that the buses in the system are not numbered consecutively.
2.1.1 Non-Uniform Electric Field Input
GMD analysis using MATGMD for a non-uniform electric field requires the electric field data
to be given as an input through an M-file. The output fields for this file should be
• Ematrix: electric field matrix with directional magnitudes (north and east directions) of the
electric field in zones defined by latitudes and longitudes.
• del: the step size for changing the latitudes and longitudes.
• lmin: the vector with the minimum value of the latitude and longitude.
• lmax: the vector with the maximum value of the latitude and longitude.
2.2 G matrix
Let N b be the number of buses for a transmission system. These buses do not include the
ones which are connected to the generators grounded via the nearest substation. Let N s be the
number of substations in the system considered. Together, the buses and substations form a set
of nodes, N : N b ∪ N s. Let the set of branches between the nodes, n and m where, (n,m) ⊆
N b × N b, be denoted by L. This includes transmission lines and transformer branches which
are the autotransformer series windings. Let the set of transformer windings, which include the
high side winding for a delta−wye transformer, the common winding for an autotransformer and
both the windings for a wye−wye transformer, between the bus nodes and substation nodes, n
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and m where, (n,m) ⊆ N b × N s, be denoted by XL. Together, L and XL constitute the edges,
ε represented as (n,m) ⊆ N × N . Let the equivalent conductance between nodes n and m for
any (n,m) ∈ ε be gnm = gmn. Similarly, grounding conductance of the substation neutral can be
represented using gnn for n ∈ N s. The symmetric and real matrix, G which is an N × N matrix
can be constructed using these notations. These conductance quantities account for all the three
phases in parallel. The elements of G can be given by:
Gmn =

−gmn, if (n,m) ⊆ ε∑








The MATLAB function file for the dc conductance matrix is G_mat.m. The above responses
for each condition are implemented in the code for the function file that gives the output matrix
g. This matrix is similar to the reactance matrix Y, but with substation nodes included and the dc
conductance values of the system used.
2.3 Injection currents
The potential induced due to the electric field at every transmission line is a voltage source that




where, the dc potential that is induced is Vnm (V), the distance for the line between buses n and m
in the north and east directions are LNnm and L
E
nm (km), respectively. Using the Norton’s equivalent,
this induced voltage can be converted to a dc current injection at each node connecting these lines
and is given by:
Inm = Vnm/Rnm (2.3)
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where, the dc injection current to bus n is Inm (Amps) and the dc resistance on the line between
buses n and m is Rnm (ohms). The equivalent current injection Imn to bus m equals to −Inm
(Amps). The summation of all the current injections at bus n is the overall injection current at a













The injected current is simply In = 0, ∀n ∈ N s because the substations are not directly connected
by transmission lines. Stacking eqn. 2.4 for all the N nodes:
I := [I1, ..., IN ]
T (2.5)
The MATLAB function file for the computation of the injection currents for a uniform electric
field is InjC.m and for a non-uniform electric field is VarEFV.m. The above described equations
are implemented in the code for the function file mentioned. The calculations for the injection
currents involve a simple matrix multiplication between the directional electric field values and
the directional lengths of the line for a uniform electric field case. There is an elaborate process
for the non-uniform electric field case which involves breaking down the lines into various parts
corresponding to the electric field zone they fall in. Then, for every part of the line, the directional
length is multiplied with the directional electric field and summed to be later divided by the dc
resistance of that line. Directional lengths for each line can be computed by using the location
coordinates and the distance formula [3]:
LN = (111.113− 0.56 ∗ cos(2φ))∆lat (2.6)
LE = (111.5065− 0.1872 ∗ cos(2φ)) ∗ cos(φ)∆long (2.7)
where, LN and LE are the North and East directional lengths (km). Here, the difference in the
latitudinal and longitudinal coordinates of the from and to substations are given by ∆lat and ∆long
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2.4 DC Node Voltages
Calculating the dc node voltages is a vital intermediary step for the computation of the system
GICs and related values. Let the dc voltage at any bus or substation n be Vn (Volts). We get
V := [V1, V2, .., VN ]
T by concatenating all the nodes. From the dc power flow model, G and eqn.
2.5, we get:
V = G−1I (2.8)
The MATLAB function file that implements the equation for the computation of the dc node volt-
ages is Vdcnodes.m
2.5 Substation and Transformer GICs
The GIC flowing at every substation n can be obtained by:
Isn = gnnVn,∀n ∈ N s (2.9)
At the transformer level, the high-side and low-side transformer GICs can be obtained. The current
flowing through the wye side of a delta−wye transformer, either side for a wye−wye transformer
or the common winding of an autotransformer, from bus n to substation m via the transformer
in-between, is given by:
ITnm = gnm(Vn − Vm),∀n ∈ N b,m ∈ N s (2.10)
The current flowing through the series winding for an autotransformer is given by:
ITnm = gnm(Vn − Vm),∀n ∈ N b,m ∈ N b (2.11)
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where the high-side bus and the low-side bus are denoted by n andm respectively. The transformer
neutral current in the summation of the high side and the low side currents calculated using eqn.
2.10 and 2.11. The neutral current, ITn is given by:
ITn = (IH + IL) ∗ 3, (2.12)
where, the per phase high-side and the low-side currents for a transformer are IH and IL respec-
tively. Additionally, rh and rl correspond to the ratios of the high side and the low side currents to








The MATLAB function file that implements the equations for the computation of various GIC
values is XmrI.m
2.6 Effective GICs
The additional reactive power loss (Qloss) in a transformer during a GMD are linearly depen-
dent on the value of the effective GIC for the corresponding transformer. These effective GICs
depend on the transformer turns ratio, a. Let t be the transformer under consideration. The effec-
tive GIC per phase Ieff,t for the corresponding transformer is given by:




where, IH,t and IL,t are the transformer high side and low side currents per phase respectively and
at is the transformer turns ratio. The equation can also be expressed as:





The MATLAB function file that implements the equation for the computation of effective GIC
values is Igiceff.m
2.7 Test case file
The outputs of the test files can be customized as per the need of the user. The study that needs
to be performed decides the kind of parameters or values that need to be extracted from the tool
since various GMD studies target unique system values.
3 Results
The tool/package developed was then used to calculate the pu transformer neutral GICs for
two systems: the EPRI 20-bus case and the UIUC 150-bus case. Uniform electric field scenarios
of varying magnitude and varying direction as well as non-uniform electric field scenarios were
applied to these systems. The input file for each of the cases was constructed according to Sec-
tion 4.2.1. and the required system information was extracted. The pu transformer neutral GICs
obtained using the tool were then compared and verified using the PowerWorld Simulator. The
decimal logarithm of absolute error and the percentage error profile was plotted.
The decimal logarithm of absolute error and the percent error is given by is given by,
log10 | In,calculated − In,PowerWorld | (3.15)
((In,calculated − In,PowerWorld)/In,PowerWorld) ∗ 100 (3.16)
3.1 EPRI 20 bus
The tool is used on the 500/345 kV 20-bus system depicted in Fig. 4.3. Many electric field
scenarios were applied out of which four have been depicted in the figures below. The scenarios
were as follows:
1. Uniform electric field of magnitude 3 V/km at 20◦.
2. Uniform electric field of magnitude 4 V/km at 220◦.
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3. Non uniform electric field - Case 1
Figure 4.1: EPRI 20 - Case 1
4. Non uniform electric field - Case 2
Figure 4.2: EPRI 20 - Case 2
Figure 4.3: One-line diagram of the EPRI 20-bus system [8]
(a) Decimal logarithmic absolute error
(b) Percent error
Figure 4.4: Uniform electric field : 3V/km at 20◦
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(a) Decimal logarithmic absolute error (b) Percent error
Figure 4.5: Uniform electric field : 4V/km at 220◦
(a) Decimal logarithmic absolute error (b) Percent error
Figure 4.6: Non-uniform electric field for EPRI 20: Case 1
(a) Decimal logarithmic absolute error
(b) Percent error
Figure 4.7: Non-uniform electric field for EPRI 20: Case 2
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3.2 UIUC 150 bus
The tool is used on the 500/345 kV 150-bus system depicted in Fig. 3.2. Many electric field
scenarios were applied out of which four have been depicted in the figures below. The scenarios
were as follows:
1. Uniform electric field of magnitude 2.5 V/km at 0◦.
2. Uniform electric field of magnitude 4 V/km at 20◦.
3. Non uniform electric field - Case 1
Figure 4.8: UIUC 150 - Case 1
4. Non uniform electric field - Case 2
Figure 4.9: UIUC 150 - Case 2
(a) Decimal logarithmic absolute error (b) Percent error
Figure 4.10: Uniform electric field : 2.5V/km at 0◦
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(a) Decimal logarithmic absolute error (b) Percent error
Figure 4.11: Uniform electric field : 4V/km at 20◦
(a) Decimal logarithmic absolute error (b) Percent error
Figure 4.12: Non-uniform electric field for UIUC 150: Case 1
(a) Decimal logarithmic absolute error (b) Percent error
Figure 4.13: Non-uniform electric field for UIUC 150: Case 2
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4 Interpretation
From the results of the above GMD scenarios, it can be inferred that the overall error in the
computation of pu neutral GICs is small. For all the cases depicted in the last section, the decimal
logarithmic error is in the range of -5.5 to - 2.5 which implies that the magnitude of error is around
or less than 10−3. The percent error is also less that 5%, with the maximum observed around 2%
except for two isolated cases where the percent error is around 16%. For these two cases, after a
close study, it has been observed that neutral GIC values were small (around 2 Amps) and even a
slight error resulted in a percent error of greater magnitude.
Overall, MATGMD computes the neutral GICs with convincing accuracy for several GMD
events. By interpolating this accuracy to other system parameters like the dc G matrix, injection
currents, dc node voltages, transformer neutral currents, and effective GICs, we can say that these
values can also be extracted with minimal error for various GMD studies pertaining to reliability,
mitigation and estimation. For example, the GIC-inclusive state estimator will be heavily bene-
fited from MATGMD and the availability of dc node voltages along with GIC values can aid the
development of mitigation techniques. Additionally, the tool is equipped with the functionalities
for calculating various parameters for both uniform as well as non-uniform electric field. Most
GMD events result in non-uniform electric field and the ability of the tool to analyze the system
for non-uniform electric field scenarios is a valuable addition. This capability has increased the
applicability of MATGMD by many-folds for various, detailed GMD studies.
The MATGMD package can be found at https://github.com/gandhalijuvekar/MATGMD.
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5. GIC-INCLUSIVE POWER SYSTEM STATE ESTIMATOR FOR GMD EVENTS
1 Introduction
Visibility of the system is an important facet for deciding the operator actions. This ’visibility’
can be provided through system states that further help compute all the system values like flows
and injections. As concluded in Chapter 3, a GIC inclusive state estimator is a potential solution
to the power system state estimation problem encountered during the GMD events.
With the development of MATGMD, the computation of the additional reactive power losses
using the effective GICs in the transformer during a GMD event is now possible. Additionally,
good initial or starting values can also be calculated for the transformer neutral GICs states using
this tool. This chapter details the development of the GIC-inclusive or modified state estimator
along with the integration of the tool, MATGMD. The idea for the formulation is explained, the
algorithm is described and the results showing verification using PowerWorld simulator for a few
cases are depicted. The shortcomings in the formulation and application of the new estimator are
mentioned and elucidated.
2 Modelling Scheme
From Chapter 2, we know that the GICs flowing in the system have the ability to cause half
cycle saturation in the transformers present in the system. This half cycle saturation results in
additional reactive power losses in these transformers which can be expressed using eq. 2.7. It
is important to note that the equation shows the linear dependency of the reactive power loss on
the effective GIC for the corresponding transformer. This reactive power additionally absorbed
is not accounted for in the system model in eq. 2.8 for the state estimator. That is, the flows,
injections, line losses, generator outputs, etc., are not updated. Hence, the system model needs to
account for these changes. The algorithm has been developed using MATPOWER state estimation
package [51] as its base code with modifications to accommodate the changes that are entailed for
the GIC-inclusive state estimator.
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2.1 Shortcomings of Plan I
Accounting these losses would require their calculation being enabled in the state estimation
system model. An obvious first choice for facilitating this would be to append the effective GICs
to the system state vector along with voltage angle and magnitude. Along with the changes in
the state vector, the measurement vector also needed to be changed for the sake of accuracy and
observability. Hence, it was changed by the addition of effective GICs as measurements. The
measurement values were obtained from PowerWorld Simulator and Gaussian noise was added.
The model was changed to account for the reactive power losses and tested. The output was as
expected, the error in the voltage angle and magnitude states reduced drastically validating the
changed model. But there was an issue! - The GIC measurements obtained in the physical world
through GIC monitoring devices placed at the substations are that of the transformer neutral GICs.
The effective GIC is not an actual, measured value but is a calculated value according to eq. 2.6
for computation of the additional reactive power losses in the transformers. Since, measurements
cannot be directly obtained for the effective GICs, it is not ideal to have the measurement vec-
tor comprise of effective GICs. At the same time, for a given electric field or its estimate, the
transformer neutral GICs are computed before the computation of GICs. Also, neutral GICs can
be used to calculate the values of effective GICs but not vice-versa. Hence, making transformer
neutral GICs states for the estimator is a better choice than the effective GICs.
2.2 Shortcomings of Plan II
Next, transformer neutral GICs were appended to the traditional states for the GIC-inclusive
state estimator. At the same time, the neutral GICs were also included in the measurement vector
making sure that the observability criteria is met. The new system model was developed and
implemented in the state estimator code. Tests for various electric field scenarios were carried out
and the output was verified with PowerWorld Simulator output. The error was similar to that of
the previous case - small. Hence, this model was validated, too. But again, there was another issue
observed - the conditioning number of the Jacobian matrix, H was in the order of 1013 indicating
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ill-conditioning. This can cause potential convergence issues in bigger cases or might need higher
number of iterations to converge to a solution. A solution that could alleviate this issue would be
the use of pu transformer neutral GICs as the states instead of transformer neutral GICs as well as
the inclusion of pu transformer neutral GICs as measurements.
2.3 Plan III
Finally, the pu transformer neutral GICs were appended as states to the traditional states for
the modified state estimator. The measurement vector also included the pu neutral GICs values
as available measurements for observability and accuracy in the estimation. The states can be
visualised as x = [θ,Vm, In,pu]T where, θ is the set of all bus angles, Vm is the set of all bus
voltage magnitudes in pu and In,pu is the set of all pu transformer neutral GICs. The measurements
can be visualised as, zi = [Pflows,Pinj, θmeas,Qflows,Qinj,Vmeas, Imeas]T where, Pflows and
Qflows is the set of real and reactive power flows measured, respectively, Pinj and Qinj is the set
of real and reactive power injections measured, respectively, θmeas is the set of voltage angles
measured, Vmeas is the set of voltage magnitudes measured and Imeas is the set of pu transformer
neutral GICs measured.
The changes in the model for the estimator can be explained as follows:
1. Changes in the estimates of the reactive power flows from the high (from) voltage side to
the low (to) voltage side for transformer branches and injections at the high side transformer
bus (for the estimator I developed, high side bus refers to from side transformer bus because
PowerWorld models these additional losses on the from side bus instead of the high side.
And as mentioned before, the verification of the accuracy is done using PowerWorld).
- After accounting of the reactive power losses in the transformers, the estimates can be
expressed as follows:
Qinj,i,new = Qinj,i,initial +Qloss,i (2.1)
Qflow,ij,new = Qflow,ij,initial +Qloss,ij (2.2)
where, Qinj,i,new is the new reactive power loss injection estimate at the from side bus i,
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Qinj,i,initial is the traditional (from the power flow equations) reactive power loss injection
estimate at the from side bus i, Qloss,i is the additional reactive power loss in the transformer
from eq. 2.7 modeled at the from side bus i, Qflow,ij,new is the new reactive power loss flow
estimate for branch from bus i to bus j, Qflow,ij,initial is the traditional (from the power flow
equations) reactive power loss flow estimate for branch from bus i to bus j,and Qloss,ij is the
additional reactive power loss in the transformer branch from bus i to bus j.
2. Changes in the terms of the Jacobian matrix, H because of the eq. 2.7 relationship belong
to two categories. One, the new partial differentiation terms that define the relationship
between the reactive power flows and injections to the pu transformer neutral GICs system
states. Two, the additional partial differentiation terms that get added to the original terms
that relate reactive power flows and injection to the pu voltage magnitude state. These two
changes occur because the additional reactive power loss is linearly dependent on the pu
voltage magnitude at the high (from) side transformer bus and the pu transformer neutral
GIC. Before divulging into the details of these terms, it is important to derive one more
expression - that of the partial differentiation of the pu effective GIC to the pu neutral GIC
for a given transformer. It can be derived as follows:
Ieff,trk =| Ih,trk + Il,trk/atrk | (2.3)
Ieff,pu,trk =| In,pu,trk × (rh,trk + rl,trk/atrk) | (2.4)
∂Ieff,pu,trk/∂In,pu,trk = ±(rh,trk + rl,trk/atrk) (2.5)
where, Ieff,trk is the effective GIC, Ih,trk is the high side GIC, Il,trk is the low side GIC, In,trk
is the neutral GIC, rh,trk and rl,trk are the ratios of high side and low side GICs respectively
to the neutral GIC, and atrk is the transformer turns ratio for transformer k.
The new and additional terms can be expressed as:
(a) New partial differentiation terms in the Jacobian matrix, H:
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∂Qinj,i/∂In,pu,trk = Vpu,i × kpu,trk × (∂Ieff,pu,trk/∂In,pu,trk) (2.6)
∂Qflow,ij/∂In,pu,trk = Vpu,i × kpu,trk × (∂Ieff,pu,trk/∂In,pu,trk) (2.7)
where, ∂Qinj,i/∂In,pu,trk and ∂Qflow,ij/∂In,pu,trk are the partial differentiation terms
relating the injections and flows respectively to the pu neutral GIC of a transformer
k, Vpu,i is the pu voltage magnitude at the high (from) side transformer bus, kpu,trk is
the scalar transformer parameter for transformer k, nx is the number of transformers
in the system and ∂Ieff,pu,trk/∂In,pu,trk is the partial differentiation term that can be
substituted from eq. 2.5.




kpu,trk × Ieff,pu,trk (2.8)
∂Qflow,ij/∂Vpu,i = kpu,trk × Ieff,pu,trk (2.9)
where, ∂Qinj,i/∂Vpu,i and ∂Qflow,ij/∂Vpu,i are the partial differentiation terms relating
the injections and flows respectively to the pu voltage magnitude of the high (from)
side bus of a transformer k and Ieff,pu,trk is the pu effective GIC that can be substituted
from eq. 2.4.
It is important to note that the values of Ieff,pu,trk , rh,trk and rl,trk are obtained from the tool,
MATGMD which is integrated in the state estimator code at various locations and runs for every
iteration. Aside from these values, the tool is also used to compute the initial/starting values of
the pu neutral GICs and hence, placed in the code to execute this job. Here, the assumption is that
the electric field information or estimate is fairly accurate and the ac GIC-inclusive state estimator
does not dwell in the area of electric field estimation.
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2.4 Flowchart for Formulation
Figure 5.1: Formulation algorithm flowchart
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2.5 Function Files Involved and their Application
The flowchart on the last page explains the formulation procedure of the ac GIC-inclusive state
estimator along with the procedure to verify its accuracy using the PowerWorld Simulator. The
implementation of this procedure involves execution of various function files in order. The files
modified from MATPOWER and additional files developed are detailed as follows:
1. Test file: testse_gic_XXXX.m
The ’XXXX’ refers to the abbreviation of the case name. This file extracts the information
from the measurement file, the system case input files pertaining to both ac (same as the
input file used by MATPOWER) and dc (as detailed in the last chapter) system as well as the
electric field. It checks the integrity of the measurement data obtained. It requires additional
information about whether the electric field is uniform and the type of initial guess that would
be used for states. It also includes the file that runs the state estimation. Once the outputs are
obtained, the file plots the error profile. Verification of the state estimation output could be
done in various ways and hence, it is customizable.
2. Measurement file: measGen_XX.m
The ’XX’ refers to the abbreviation or extension the user would like to give the measurement
file for different system cases, the base of these files being the core file - measGen.m. The
measurement file extracts actual system values from excel sheets using the file directory. An
option to add noise based on the variance (ultimately linking to the weighting factors) and
include voltage angle measurements is provided. The files are opened and the relevant values
are extracted. The buses and branches as well as their corresponding data is sorted in order
of the increasing bus numbers. If the option to add noise is enabled, Gaussian noise is added.
Required fractions of each measurement type is declared and is used to randomly select the
data.
3. Run state estimation file: run_se_GICn.m
This file is built on the original MATPOWER run_se.m file. Apart from it’s original func-
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tionality, there are a few more tasks it performs to enable state estimation for GMD studies.
It loads the dc system and electric field information if the field is uniform. All the extracted
information is reordered according to bus numbers for both buses and branches. This in-
formation is passed through the function file that actually does (runs) the state estimations
and outputs the result for the system states. These output states are then subtracted from the
actual state values obtained from PowerWorld and the absolute of these values is given as
one of the outputs of the run_se_GICn.m file for further computations and plotting in the test
file.
4. Loading the dc system data for GMD: loadGMD.m
This file loads the dc system information from the dc case file for the given system. It is based
on the loadcase.m function file from MATPOWER that loads the ac system information from
the ac case file for the given system. Inconsistencies in the case file can be recognized, too.
5. Renumbering buses: ext2int_dc.m
This function file renumbers the buses from the dc system data consecutively if they aren’t
numbered in a consecutive fashion. It follows the function file ext2int.m that performs this
functionality for the ac system data.
6. Doing state estimation: doSE_GICn.m
This function actually performs the state estimation by taking in all the system information
extracted using various function files in the run_se_GICn.m file as its input. It declares it-
eration parameters such as tolerance, maximum iterations and also decides on the initial or
starting values for the estimation based on the user input. For a non uniform electric field,
the data is extracted. The transformer branches are recognised from the set containing all the
branches. The transformer dc information matrix is rearranged according to the index of the
transformer branches in the ac system information and a vector with rearranged indices is
obtained. This vector is then used to rearrange the initial or starting pu neutral current values
and the measurement pu neutral current values, accordingly. The ratios of the high side cur-
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rent and the low side current to the neutral current are obtained using the function files from
the tool, MATGMD. Beginning with the starting pu neutral current values, the pu effective
GICs are obtained from the ratios and from the updated pu neutral current at every iteration
performed during the estimation. Using the pu effective GICs, the additional reactive power
losses in the transformers are computed and the estimates of the measurements are obtained.
Next, the new and additional terms that would occupy the Jacobian matrix, H are calculated
according to eq. 2.6, 2.7, 2.8 and 2.9. The iteration is performed and the state vector gets
updated.
7. Loading the electric field data for a non-uniform electric field: loadEfield.m
If the is_uniform flag is down, the non-uniform electric field data is extracted using the
loadEfield.m function file which works like loadcase.m and loadGMD.m but for loading the
non-uniform electric field information.
8. Obtain transformer branches and the sorting order for rearranged dc transformer data matrix:
Xmr_branch.m
The indices of the transformer branches are obtained by first identifying the transmission
lines using circuit numbers and are one of the outputs. Using these indices, the dc trans-
former data matrix is sorted (and sent as output, too) in the order that is present in the ac
transformer branches and the order of this sorting is sent as an output to sort the pu neutral
GICs and their measurements.
9. Computation of the estimates of the additional reactive power loss flows: Qloss_br.m
The additional reactive power loss at every transformer branch is computed according to
eq. 2.7 and is assigned to the from vector of the transformer branch additional reactive flow
measurement estimates.
10. Computation of the estimates of the additional reactive power loss injections: Qloss_bus.m
The additional reactive power loss modeled at every transformer high (from) side bus is
computed which is the summation of all the additional losses at every transformer which
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has this bus connected to its high (from) side and is assigned to the vector containing these
additional loss injection estimates.
11. New partial differentiation terms for the relationship between flows and the neutral currents:
dQlossbr_dI.m
The partial differentiation term relating the transformer branch flows for both high (from)
and low (to) bus to the transformer neutral GICs is computed according to eq. 2.7. Two
matrices of dimensions ’number of branches × number of transformers’ corresponding to
the from flows and to flows are initialized to zero and every relation computed is assigned to
the matrices accordingly. It is important to remember that these terms are the new terms that
get appended to the traditional Jacobian matrix, H.
12. New partial differentiation terms for the relationship between injections and the neutral cur-
rents: dQlossbus_dI.m
The partial differentiation term relating the high (from) side bus injections to the transformer
neutral GICs is computed according to eq. 2.6. A matrix of dimensions ’number of buses ×
number of transformers’ corresponding to the system buses is initialized to zero and every
relation computed is assigned to the matrix accordingly. These terms are the new terms that
get appended to the traditional Jacobian matrix, H.
13. Additional partial differentiation terms for the relationship between flows and the voltage
magnitudes: dQlossbr_dVm.m
The partial differentiation term relating the transformer branch flows for both high (from)
and low (to) bus to the high (from) bus voltage magnitudes is computed according to eq.
2.9. Two matrices of dimensions ’number of branches × number of buses’ corresponding to
the from flows and to flows are initialized to zero and every relation computed is assigned
to these matrices accordingly. It is important to remember that these terms get added to the
traditional terms that relate flows to the voltage magnitudes.
14. Additional partial differentiation terms for the relationship between injections and the volt-
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age magnitudes: dQlossbus_dVm.m
The partial differentiation term relating the high (from) side bus injections to the high (from)
side bus voltage magnitudes is computed according to eq. 2.6. A matrix of dimensions ’num-
ber of buses × number of buses’ corresponding to the system buses is initialized to zero and
every relation computed is assigned to the matrix accordingly. These terms get added to the
traditional terms that relate injections to the voltage magnitudes.
The above described files are either new files or files that have undergone change from the original
MATPOWER files to accommodate the GMD state estimation functionality.
3 Test Case Description and Results
The analysis for the state estimation was carried out on the 500/345 kV EPRI 20-bus system
depicted in Fig. 4.3. Currently, efforts are being taken to perform these analysis on the UIUC 150-
bus system and eventually on the Texas 2000-bus system. Various types of GMD scenarios were
simulated on PowerWorld but the results below depict only a few of the tested cases for inference
purposes. The cases tested are the following ones:
1. One uniform electric field scenarios,
2. Two non-uniform electric field scenarios,
3. Uniform electric field of increasing magnitude (3V/km to 9V/km) at a fixed direction (0◦),
4. Uniform electric field of fixed magnitude (3V/km) and varying direction from 0 - 360 de-
grees.
For scenarios of type (1) and (2), the decimal logarithm of the average absolute error is plotted
for two state (Voltage magnitude and transformer neutral GICs) individually over a 100 Monte-
Carlo simulations. For scenarios of type (3) and (4), the decimal logarithm of the total average
absolute error, comprising of the errors for all the states, is plotted for every scenario (changing
magnitudes with fixed direction and changing directions with fixed magnitude) individually over a
100 Monte-Carlo simulations.
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3.1 Uniform electric field with magnitude 7 V/km and direction 0 degrees
(a) Decimal logarithmic absolute error
comparison for the voltage magnitude state
(b) Decimal logarithmic absolute error for the
neutral GIC state
Figure 5.2: Neutral GIC measurements taken only at one transformer if many transformers with
the same parameters are in parallel
(a) Decimal logarithmic absolute error
comparison for the voltage magnitude state
(b) Decimal logarithmic absolute error for the
neutral GIC state
Figure 5.3: Neutral GIC measurements taken taken at random with the percentage of measurements
kept at 50% of the total
The figs. 5.2 and 5.3 represent the error in the voltage magnitude and the neutral current state
(in pu) for two different cases as detailed above. For both cases, the voltage magnitude state error
at every bus is below 10−4.5. For the neutral current state estimates, the error is below 10−2.2 for
both cases and the error in the estimation of currents at the 8th and 9th transformers is higher (as
expected) because of the absence of measurements at both the transformers.
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3.2 Non-uniform electric field: Case 1
(a) Decimal logarithmic absolute error
comparison for the voltage magnitude state
(b) Decimal logarithmic absolute error for the
neutral GIC state
Figure 5.4: Non-uniform electric field : Case 1 - Neutral GIC measurements at three sets of parallel
transformers are not given as measurement inputs
(a) Decimal logarithmic absolute error
comparison for the voltage magnitude state
(b) Decimal logarithmic absolute error for the
neutral GIC state
Figure 5.5: Non-uniform electric field : Case 1 - Neutral GIC measurements taken only at one
transformer if many transformers with the same parameters are in parallel
The figs. 5.4 and 5.5 represent the error in the voltage magnitude and the neutral current state
(in pu) for two different scenarios as detailed above. For both cases, the voltage magnitude state
error is low: below 103.5 for the first scenario and 10−4.5 for the second. For the neutral current state
estimates, the error is below 10−2.2 for both cases. The error in the neutral current estimates at the
3 sets of parallel transformers devoid of measurements is higher (as expected). This even increases
the error in the voltage magnitude estimates as seen in fig. 5.4a when compared to the error for fig.
5.5a which is the scenario with at least one measurement for a set of parallel transformers.
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3.3 Non-uniform electric field: Case 2
(a) Decimal logarithmic absolute error
comparison for the voltage magnitude state
(b) Decimal logarithmic absolute error for the
neutral GIC state
Figure 5.6: Non-uniform electric field : Case 2 - All neural GIC measurements
(a) Decimal logarithmic absolute error
comparison for the voltage magnitude state
(b) Decimal logarithmic absolute error for the
neutral GIC state
Figure 5.7: Non-uniform electric field : Case 2 - Neutral GIC measurements taken taken at random
with the percentage of measurements kept at 50% of the total
The figs. 5.6 and 5.7 represent the error in the voltage magnitude and the neutral current state
(in pu) for two different scenarios detailed above. For both cases, the voltage magnitude state error
is below 10−4 but slightly higher for the second scenario. For the neutral current state estimates, the
error is below 10−4 for the first scenario and below 10−1.5 for the second. These differences in the
errors of the two states can be attributed to the availability of lesser neutral current measurements
in the second scenario along with the fact that one set of parallel transformers (8th and 9th) do not
have neutral current measurements available.
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3.4 Uniform electric field of increasing magnitude (3V/km to 9V/km) at a fixed direction (0
degrees)
Figure 5.8: Decimal logarithmic absolute error for the voltage magnitude and neutral GIC states
along with the voltage magnitude state error from the traditional state estimator
(a) Neutral GIC measurements taken only at
one transformer if many transformers with
the same parameters are in parallel
(b) Neutral GIC measurements taken taken at
random with the percentage of measurements
kept at 50% of the total
Figure 5.9: Decimal logarithmic absolute error for the voltage magnitude and neutral GIC states
with lesser neutral GIC measurements along with the voltage magnitude state error from the tradi-
tional state estimator
The figs. 5.8, 5.9a and 5.9b depict the error profiles for the estimation of the voltage magnitude
and neutral current states at different uniform electric field magnitudes ranging from 3 - 9V/km
at a fixed direction. The error profile for the voltage magnitude state using a traditional power
system estimator is also depicted for comparison. It can be observed that the error decreases
significantly for all the three scenarios detailed above - it is consistently below 10−4.5. The neutral
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current estimation error is much lower when all the measurements are available for estimation as
compared to when only about 50% are available. A peculiar occurrence to note here is that despite
the fact that measurements at a set of parallel transformers is not available for scenario in fig. 5.9b,
the error profile is almost similar to that in scenario in fig. 5.9a where at least one measurement at
a set of parallel transformers is available.
3.5 Uniform electric field of fixed magnitude (3V/km) and varying direction from 0 - 360
degrees
Figure 5.10: Decimal logarithmic absolute error for the voltage magnitude and neutral GIC states
along with the voltage magnitude state error from the traditional state estimator
(a) Neutral GIC measurements taken only at
one transformer if many transformers with
the same parameters are in parallel
(b) Neutral GIC measurements taken taken at
random with the percentage of measurements
kept at 50% of the total
Figure 5.11: Decimal logarithmic absolute error for the voltage magnitude and neutral GIC states
with lesser neutral GIC measurements along with the voltage magnitude state error from the tradi-
tional state estimator
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The figs. 5.10, 5.11a and 5.11b depict the error profiles for the voltage magnitude and neutral
current states at different uniform electric field directions ranging from 0 - 360◦ for a fixed magni-
tude. Similar to the varying magnitude case, it is observed that the voltage magnitude state error
is consistently below 10−4.5 and the neutral current estimation error is much lower when all the
measurements are available for estimation as compared to when only about 50% are available.
4 Conclusion
The various approaches taken towards handling the power system state estimation problem
have been detailed in this chapter and their shortcomings have been explained. The modeling
scheme has been explained describing the changes in various traditional model parameters along
with the equations that are vital to the changed system model. The algorithm developed for the
GIC-inclusive ac state estimator is illustrated using a flowchart to give a holistic understanding
about the changed state estimator and parameters used to verify its relevance and accuracy. The
functionalities of the modified and newly constructed function files have been elaborated. Efforts
were taken to construct these function files so that the computation time was low and the computa-
tion accuracy was retained. The results indicate that the modified or GIC-inclusive state estimator
does a great job with estimating the traditional as well as the new system states. It also solves
the convergence problem that the traditional state estimation was marred with. That being said,
there are still a few issues that need attention. One of them is the decision on the weighting fac-
tors to be utilized. Weighting factors pertaining to the traditional measurements can be obtained
from the literature but for the newer neutral GIC measurements, obtaining these factors can get
complicated requiring extensive studying of these measurements in the physical world. Another
issue is parameter errors which also requires analysis in the physical world as mentioned in section
3.1. This would require a constantly updated dc system information file to be passed through the
modified state estimation framework which can be done easily with slight revisions in the code.
Lastly, the issue of observability is a complex one that would involve extracting information about
certain hidden system relationships that could shed light on the dependencies of the states on the
measurements for GMD scenarios.
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6. CONCLUSIONS AND PROPOSED FUTURE WORK
1 MATGMD
As seen from chapter 4, the MATGMD package is an efficient tool that computes the GMD
related system parameters with a good level of accuracy. Hence, it can find its use in various studies
involving development of mitigation techniques, transient stability analysis, etc. A tool available
at your disposal on MATLAB can save users the need to spend time on coding for these system
values as MATGMD is easy to use and can adapt to any system case requirements. The speed of
the computation is decent but could be improved by applying sparse matrix techniques. If need be,
the tool can be exported, with some effort, to any other client enabling extensive application. The
ability of the tool to perform analysis on both uniform and non-uniform electric field scenarios has
widened its scope of utilization.
2 GIC-Inclusive AC State Estimator
As seen from chapter 5, the GIC-inclusive ac state estimator helps estimate the system states
within working accuracy. This validates its modeling and implies that it could be used for state
estimation applications for GMD scenarios over the traditional state estimator. The utilities and
system operators can heavily benefit from using this estimator framework in their systems. Oper-
ator actions during events depend on the state estimation results and this visibility of the system
during a potential large-scale GMD event could save the system from a collapse. Mitigation tech-
niques may involve line switching, increasing the reactive power support, generator re-dispatch,
etc and they require information about the ’situation’ the system is in. During GMD events, this
information can be obtained using the modified state estimator which outputs the system states that
can ultimately help compute the information for the entire system. Hence, timely measures can be
taken to curb the disastrous effects of GICs circulating during a GMD.
These advantages exist but they are accompanied by certain issues mentioned in section 4. Ob-
servability is crucial during the estimation process. The additional neutral current states aggravate
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the situation. The rules that applied to the traditional state estimator do not apply to the modified
ones as newer relationships govern observability. These relationships may ultimately help obtain
the conditions for critical measurements.
Another area with the potential to boost the relevance and accuracy of the GIC-inclusive state
estimator is usage of reliable electric field estimates for the given GMD scenario as a precursor to
the GIC-inclusive ac state estimator. There is currently work being done at Texas A&M on such a
dc GIC estimator that is aiming to get accurate electric field estimates from the magnetic field and
earth data. A combination of both these estimators could give the system states as output using the
magnetic field data. This would help us create a model that helps evaluate the real world models
directly.
Another study that could help make decisions during GMD events is the accuracy of the neutral
GIC measurements. As GIC monitors may not be installed at all the locations desired, pseudo-
measurements with higher variance could be fed as measurements for retaining observability. It
may be interesting to analyze what error variance of those measurements could give us acceptable
results? To what extent does the accuracy depend on this variance? This could help direct the
research for analysis of measurements required for the GIC-inclusive state estimator.
Overall, the GIC-inclusive state estimator would need multiple revisions and upgradations to
accommodate various considerations and issues. But the primary model has shown the potential to
solve the state estimation problem and hence, its application in the real world is imperative.
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